The electronic structure of the ground state of monoxides MO and carbides MC 2 with M an alkaline-earthmetal atom (Be to Ba) has been investigated. Bond energies, vibrational frequencies, dipole moments and equilibrium bond lengths have been calculated using a hybrid density functional method. To understand the bonding characteristics, the ELF (electron localization function) and the NBO (natural bond orbitals) have been used. It has been found that despite many similarities between the monoxides and the carbides there is a difference in the bond formation. The results suggest that in the monoxides, and not in the carbides, a change in the type of bonding occurrs in going from the beryllium compound to the barium compound. For the carbides, all of them present an ionic bonding with a most favorable bent structure.
Introduction
The gas phase alkaline-earth-metal monoxides are difficult species to be studied in the laboratory. They are highly reactive with tendency toward reduction, dissociation and polymerization. They are, however, important in the chemiluminescent reactions of the alkaline-earth-metal atoms with oxidants. 1 It has been experimentally proven that the ground state of those molecules, previously suggested to be of 3 Π or 3 Σ + symmetry, are in fact of 1 Σ + symmetry. This result has been theoretically confirmed in a number of studies. 2, 3 The solid-state species are much more stable and exhibit several interesting physical properties which are related to their electronic structure. The ionic character of the bonding seems to be important to understand their structure and properties. 4 On the other hand, owing to the well-known similarity between the M-O and M-C 2 bond, one can expect similar characteristics for the alkaline-earth-metal carbides. For instance, it has been recently shown 5 that the trends of the electron affinities and vibrational frequencies for the MC 2 species (M being a first row transition metal) correlate well with the corresponding properties of the monoxides. They are, however, much more difficult to study in the gas phase. They decompose onto the elements upon vaporization. The knowledge of their existence and stability may be of practical interest in connection with energy conversion processes. 6 To our knowledge, only the BaC 2 molecule has been identified in the gas phase. 6 On the contrary, the solid-state species are well-known and they present a large number of phases. 7 Like the alkaline-earth-metal monoxides their electronic and structure properties depend on the ionicity character of the bonding. More recently, the study of the metallocarbohedrenes of the type M 8 C 12 has also demostrated the importance of the carbon-metal bonding. 8 The theoretical study of ionic molecules has indicated that some states are well described at the single configuration level, others require a more general reference wave function. For the mentioned oxides previous theoretical works 3 have demostrated that the study of the whole potential curve or the study of excited states require the use of MCSCF calculations but the spectroscopic properties (R e , D e , ω e ) of the ground state are well described at the one Slater determinant reference wave function provided the nondynamical correlation energy is taken into account. In this paper we will show that the hybrid density functional methods 9 provide a reliable tool to study the ground state of the alkaline-earth-metal monoxides and carbides around the equilibrium position. Although the metal carbides have been recently the subject of numerous studies, 5, 10, 11 to our knowledge, this is the first study of the alkaline-earth-metal carbides. We carried out a systematic study of the ground-state oxides MO and carbides MC 2 , M ) Be-Ba, in the gas phase. Bond energies, vibrational frequencies, dipole moments, and equilibrium bond lengths have been calculated. To understand the bonding characteristics, the ELF (electron localization function) 12 and the NBO (natural bond orbital) 13 
energy density due to Pauli repulsion. The function ELF should demarcate the special regions where there are a shared-electron interaction as in covalent and metallic bonding and an unsharedelectron interaction such as ionic bonding. The ELF has been extensively used to analyze a variety of bonding systems. 14, 15 Furthermore, a topological interpretation of the ELF has been developed. 16 Analyzing its gradient field, it is possible to characterize the maxima and basins. They found three types of maxima which from a chemical point of view correspond to core, bonding and nonbonding. The volume enclosed by all the trajectories ending at a given maximum defines the basin, and the integration of the electron density over the basin gives the electron population associated with the corresponding maximum. They can be interpreted from a chemical point of view as the electron population associated with the core, bonding and nonbonding regions. Note that the whole bonding analysis using the ELF does not depend on the orbitals. It could be directly calculated from the density by calculating T s or some approximation to it. 17,18
Computational Details
Since some of the molecules contain heavy atoms like Sr and Ba the use of pseudopotentials is essential. It is already well-known that for those metals a clear-cut separation between the n-s valence space and the (n -1)d and -p orbitals is difficult to achieve. Therefore, the quasirelativistic pseudopotentials with 10 valence electrons developed by Kaupp et al. 19 have been used for Ca through Ba atoms. To keep all calculations at the same level of approximation, pseudopotentials were also used for the light atoms of Be and Mg. For Be and Mg atoms the two-valence electron pseudopotentials developed by Fuentealba et al. 20 have been used. The 6s6p5d1f/[5s5p4d1f] basis sets developed by the Stuttgart group 19 have been employed. The carbon and oxygen atoms are treated at the allelectron level using the 6-311G** basis set as it is implemented in the GAUSSIAN98 program, [21] [22] [23] which has been used for all the calculations. The hybrid density functionals B3LYP, 9 have been used. Since the interpretation of the ELF is sometimes obscured by the use of pseudopotentials, 17 the calculations of ELF have been done at the all-electron level with the optimized geometry. It is also known that the ELF is not so sensitive to the basis set. Therefore, the 6-311G** basis set has been used for the calculations of ELF. The hardness has been calculated using the finite difference approximation as the energy difference between the HOMO and LUMO orbital energies.
Results and Discussion
For the purpose of calibrating the quality of the method and basis set used, atomic results are shown in Table 1 using the same pseudopotential, it is clear that the error is due to the known failure of the currently used density functionals to properly account for the nondynamical correlation. The calculated hardnesses show the expected trend in going down the column of the periodical table.
In Table 2 some calculated properties of the ground state of the alkaline-earth-metal monoxides are presented: atomization energies, bond lengths, vibrational frequencies, dipole moments and hardnesses. The experimental values are shown in parentheses. The calculated atomization energies do not contain the zero point energy which is, however, only of significance for BeO (2.16 kcal/mol). The only major discrepancy with the experimental values is a difference of 14.2 kcal/mol for BaO, where there are other relativistic effects, like spin-orbit coupling, which are not included in the pseudopotential. The bond lengths are within 0.01 Å of the experimental values, with the exception again of BaO, and the vibrational frequencies are systematically above the experimental values by 10-20 cm -1 . The results confirm the capability of our calculations to do semiquantitative predictions. The important point to be stressed here is that none of the displayed properties follows a periodic, continuous trend, which suggests that a change in the type of bonding ocurrs in going from beryllium oxide to the barium oxide.
In Table 3 , the atomization energies, the M-C 2 (M: BeBa) bonding energies, bond lengths, angles, dipole moments and hardnesses are presented. For all the alkaline-earth-metal carbides, to our knowledges, only the BaC 2 molecule has been experimentally detected. Gingerich et al. 6 using a Knudsen effusion mass spectrometer determined the atomization energy, 282.5 ( 2.9 kcal/mol, and the binding energy, 139.2 ( 3.5 kcal/ mol, which after adding the zero point energy of around 3.6 kcal/mol are in reasonable agreement with the calculated values. The deviations can be traced to the assumptions for the interpretation of the measurements. They assumed a linear geometry with a Ba-C bond length of 1.97 Å whereas the calculations predict a nonlinear geometry with a much longer 
∆Eat ) E(M) ) 2E(C) -E(MC2). ∆Eb ) E(M) + E(C2) -E(MC2). M: alkaline-earth-metal atom. C: carbon atom.
Ba-C bond length, 2.48 Å. For all the molecules the stability of the linear and bending geometries in triplet and singlet states have been tested. In all cases, the ground-state happens to be the triangle C 2V singlet state. The linear singlet structure has been found to be a minimum only for BeC 2 and MgC 2 lying 23.5 and 7.0 kcal above the ground state, respectively. For the other carbides only a saddle point has been found. No linear triplet structure has been found, and the angular triplet lies 31.5 and 5.0 kcal above the ground state for BeC 2 and MgC 2 , respectively. To determine the right energy ordering between the linear singlet and the bent triplet, more ellaborate calculations are necessary. The carbides present some similarities with the monoxides. However, for the carbides the calculated spectroscopic properties follow a periodic, continuous trend (excepting the hardness for BeC 2 ). The same behavior is exhibited in Table  4 where the vibrational frequencies are displayed. The present results are in agreement with the hypothesis that the electronic structure of the carbides, MC 2 , should be similar to the ionic structure of the monoxides, MO, with the C 2 2-moiety acting like the O 2-anion. However, the results suggest that in the monoxides, and not in the carbides, a change in the type of bonding occurs in going from the beryllium compound to the barium compounds.
The electron localization function, ELF, 12 and natural bond analysis 27 has been used to investigate the bonding characteristics of the compounds studied in this paper. Let us first analyze the results obtained by ELF (see Figures 1 and 2) , produced with the TopMod package, 28 Mathematica 29 (graphics of Figure  1 ) and Vis5d (graphics of Figure 2 ). The dominant feature is the predominantly ionic character of the bonding, as the oxygen atom, and the C 2 group are surrounded by a region of high ELF values, having a nearly spherical shape around O, like a noble gas atom (cf. ref 14) , or similar to N 2 (isoelectronic with C 2 2-, cf. ref 14) . The integration of the electron density in the corresponding basins support this visual impression, as it roughly yields the number of valence electrons in the molecule. A more careful look reveals, however, that there is a region of high ELF values between the Be and O cores, an indication for a covalent character of the Be-O bond. The ELF maximum is present, but only weakly emphasized. This characteristic may be an explanation for the special position of BeO in the series. The ELF pictures show a special, unusual feature for MgO and CaO: a maximum behind the metal ion. While such features are common for lone pairs (cf. SnO 14 ) , it is unexpected in the present case. An explanation may be that part of the charge remains on the metal ion (the basin populations are quite small: 0.3 for Mg and 0.2 for Ca), but it is not used for bonding. Of course, we cannot exclude the possibility that this maximum is an artifact of the calculation in the low-density region. The Laplacian of the density 30 or the gradient of the logarithm of the density 31 seem not to show this feature. Notice, however, that the change in basin population is not contradicted by the NBO analysis presented below.
The results for the alkaline-earth-metal monoxides are shown in Table 5 . For all the molecules with the exception of MgO, there are clear charge retrodonations from the oxygen anion to a p orbital in the case of BeO, or a d orbital in the other molecules. In MgO the p orbital population is negligible. We explain it by the fact that the 3p orbital of Mg is not as easily used as the 2p orbital in Be and 3d orbital in Ca. For Be the 2p orbital is in the same spatial region as the 2s and for Ca the 3d is in the same spatial region as the 4s orbital, while the 3s and 3p orbitals of Mg are in different spatial domains. 32, 33 In Figure 2 , for the molecules BeC 2 , MgC 2 and CaC 2 the ELF ) 0.8 isosurfaces are displayed. On the top of each plot one can see the alkaline-earth-metal ion which is increasing in size going down from Be to Ca. The carbon cores are the two small points and between them one can identify the basin corresponding to the CC bond. Behind each of the carbon atoms one find a large basin. The population of the basins are similar in the three molecules. The basins representing the CC bond have a population of 3.5, 3.5, and 3.7 for BeC 2 , MgC 2 and CaC 2 , respectively. On the other hand, the population of the basins behind the carbon atom have a population of 3.1, 3.0, and 2.9 for BeC 2 , MgC 2 and CaC 2 , respectively. We did not notice three-center bonds, but rather a deformation ("polarization") of the lone pairs of C 2 2-toward the metal ion so that the bonding picture emerging from the ELF analysis corresponds to a strongly ionic bonding between the metal ion and the C 2 2-moeity, and each carbon atom contains one lone pair plus an electron. The most representative Lewis structure should be of the type M +2 [:Ċ dĊ :] -2 . In contrast to the monoxides, there is no indication of a different bonding going down the series of the alkaline-earth-metal carbides. This is also clear when comparing the natural bond orbital populations which are displayed in Table 6 for the carbides. Whereas in the monoxides it is clear that only Mg has a significant population of the s orbital, in the carbides all of them have an important population of the s orbitals.
Concluding, the electronic structure of the alkaline-earth-metal monoxides and carbides in the ground state has been characterized. Dissociation energies, geometries, vibrational frequencies, dipole moments and hardnesses have been calculated using a hybrid density functional scheme. The nature of the bonding has been studied using the ELF and NBO analysis. It has been found that despite many similarities between the monoxides and the carbides there is a difference in the bond formation. For the monoxides, BeO is the only one presenting some covalent bond character while the other oxides are clearly ionic. For the carbides, all of them present an ionic bonding with a most favorable bent structure. 
